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T
his paper reports that the crossing-point temperature (CPT), where the heat conduction
diminishes at the centre of a symmetrical exothermically reactive solid (or an assembly
of packed solid particles), can be considerably different from the set oven temperature
during a transient basket heating procedure for measuring exothermic reactivity. The CPT
differs from the oven temperature by a larger amount for a greater oven temperature and is also
dependent upon sample size and the nature of the materials concerned. The experimental
evidence of such differences, derived from various previous studies, is illustrated here. Such
differences can, under certain circumstances, lead to considerable variations in the estimation
of the kinetic parameters for the two existing transient testing procedures. This is an important
point of consideration for future work in the area of thermal ignition of particulate materials.
Keywords: self-ignition kinetics; crossing-point temperature concept; heat release concept;
basket heating methods.
INTRODUCTION
There has been a renewed interest in self-ignition related
hazards in recent years in practice and in academia. The
latter has carried out a large number of theoretical studies,
which explored a wealth of the behaviour exhibited by such
systems1. In practice, the greater interest may be partially
due to the much larger scale of powdered foods (for
example, milk powder,  our) and particulate chemical
production, and transportation of the mined materials (for
example, coal). Milk powder production in New Zealand is
on a very large scale. A large single spray drying plant
produces some 10–20 tonnes of dried milk per hour. Process
intensi cation in particulate production can sometimes lead
to massive deposition, blockage and stockpiling, approach-
ing or exceeding the critical dimension beyond which self-
ignition becomes inevitable. Because production has
already moved away from the traditional commodity
products to more diversi ed ingredient-rich products, the
thermal hazard potentials of the new products have not been
tested and the related safety data documented. There is an
interest in the industry to have a means of testing such
hazard potential more readily and cheaply. This paper
addresses a practical issue regarding some recent laboratory
techniques for measuring the exothermic reactivity of
particulate materials. All of the techniques discussed here
involve basket heating of sample materials.
THE BASKET HEATING METHODS
There are in general three types of the basket heating
approach for measuring the exothermic reactivity of a solid:
(1) A procedure is proposed to take advantage of Frank-
Kamenetskii’s steady state solution for various simple
geometries, such as slabs, cylinders and cubes2. This
procedure is referred to in this paper as Frank-Kamenets-
kii’s (F-K) method for comparison purposes. This method
requires several sample sizes to be tested for their critical
oven temperatures, beyond which thermal ignition occurs.
This procedure incurs lengthy experimental duration for
each sample, and the sample size is restricted due to the
limited size of a laboratory oven. There is also a requirement
on the powerfulness of the air agitation within the oven in
order to achieve the large Biot number condition.
(2) A procedure has been proposed which is based on the
transient heating behaviour of a sample contained in a
basket3–8. Such a transient approach signi cantly simpli es
the traditional F-K procedure. Usually only one sample size
is required;  nite Biot number is suf cient, etc. This method
has been called ‘the crossing-point-temperature (CPT)
method’ in an ad hoc manner.
(3) A transient testing procedure has been proposed by
Jones et al.9–14, which is called ‘the heat release (HR)
method’. This method, as described in the studies, has been
based upon the earlier observations by some other
authors—for example, Bowes2, Grif ths et al.15, Beever16
and Grif ths et al.17. There are similarities between
methods (2) and (3) but the fundamentals involved are
different. These aspects are the focus of this study.
The F-K method is based on the steady state analysis of
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self-ignition theory by Frank-Kamenetskii many years ago
and has been well documented and well used in practice.
The details of this approach can be found in many
publications2.
Methods (2) and (3) are relatively new and have only
been developed in the last few years. These two methods are
of the transient approach.
With regard to method (2), Chen and Chong4 exploited
the crossing-point temperature phenomena experimentally
and numerically to show some interesting characteristics.
This ‘cross-over’ phenomenon, which leads to the crossing-
point temperature method, was previously reported by Gray
et al.18,19, who attributed such a phenomenon to peripheral
heating. Chen and Chong pointed out that such a
phenomenon can be used to advantage in devising a new
kinetics measurement procedure, i.e. the CPT method. In
our laboratory, Shaw3 and Chong et al.5,6 have successfully
carried out measurements on various milk powders and
wood sawdust using the CPT technique. Some of the
technical issues related to the CPT method have been
summarized by Chen and Chong8 most recently. This
approach has later been adopted by other researchers at the
University of Adelaide (Australia)20, the University of
California at Berkeley (United States)21 and Leeds Uni-
versity (United Kingdom)22 working on a wider range of
materials.
To illustrate the principle of the CPT method for
obtaining the kinetic data, the energy conservation equation
for a porous reactive in nite solid slab, which is
symmetrically heated, neglecting reactant depletion and
evaporation, is used for simplicity:
rCp
­ T
­ t
= k
­ 2T
­ x2
+ QrA exp ( 2 E/RT ) (1)
where the term on the left-hand side of the equation is the
local rate of enthalpy change in the solid, the  rst term on
the right-hand side is the conductive heat transfer in the
solid and the second term on the right-hand side is the heat
generation term of one exothermic reaction (or several
reactions occurring simultaneously but considered to be one
overall reaction). The heat conductivity (k) and speci c heat
capacity (c) can be temperature dependent.
If the solid has a uniform temperature to start with and
this initial temperature is lower than the ambient tempera-
ture used in heating, then at some point during heating the
heat conduction term in the symmetry of the slab is zero. At
this time and at x = 0 (the symmetry), equation (1) becomes:
­ T
­ t
4444T= Tcpt = QAc exp ( 2 E/RTcpt) (2)
The temperature at which the conduction term is zero has
been de ned as the ‘crossing-point temperature’, Tcpt
3–8. By
measuring Tcpt and its corresponding rate of change in
temperature at the centre, a plot of ln( ­ T/ ­ t) against the
reciprocal of Tcpt produces a straight line (or sections of
straight lines or a continuous curve), with a slope (or slopes)
of 2 E/R and an intercept of ln(QA/c). From the kinetic plot,
and knowing the speci c heat, c, of the powder, E and QA
(the product of the heat of reaction and the reaction
frequency factor) are determined. Slight modi cation of the
data analysis is needed if the speci c heat capacity is
temperature dependent8. It can be shown that Tcpt is
determined by measuring the temperatures of two points
in a sample: one at the centre, and the second at a point near
the centre, on the same horizontal plane provided the
symmetry of the sample is perpendicular to the horizon.
This can be done with heating a cubic steel mesh basket or
an equi-cylinder steel mesh basket or some other symme-
trical basket in a temperature-controlled laboratory oven
with air circulation3–8. One can also use a long cylinder
(large length to diameter ratio) basket so that the end effect
may be neglected7.
The typical testing procedure for the CPT method can be
summarized as follows. Firstly, solid particles (or even a
solid block such as a whole wood testing piece) are packed
into a steel mesh basket that has a steel mesh cover. The
basket is typically of a few centimetres in diameter/side.
The basket containing the sample is placed in the preheated
oven (before the oven reaches its  nal temperature). Two
thermocouples are inserted into the sample through guiding
holes in the basket lid, one at the centre and the other several
mm (which usually means ‘several particle diameters’ to
allow the continuum assumption to be valid) from the
centre, on the same horizontal plane. Verifying this
approach, many experiments have also been carried out
using three thermocouples inserted into the same sample
(with one measuring the centre temperature but the other
two, with one common joint, measuring the difference
between the centre and the side temperatures). The error of a
single thermocouple is 6 0.2 K but the differential set-up
mentioned above is better, i.e. 6 0.02 K, after calibration.
The time-response of the differential temperature between
the centre and the second thermocouple is highly consistent
with the physical understanding of the heating process (with
very little  uctuation or scatter).
These thermocouples are connected to a data acquisition
system, which is linked to a computer. The third or the
fourth thermocouple, also connected to the data logger, is
set up to measure the oven temperature. The oven
temperatures used are generally greater than 140°C as
lower temperatures do not cause suf cient heating for the
sample sizes used. The data acquisition program is set up
such that the two thermocouples in the sample measure the
centre temperature and the difference in temperature
between the two points. The test is run until the difference
in temperature crosses zero (when the centre temperature is
higher than the temperature of the other points in the
sample). The crossing-point temperatures are determined
from the temperature-time curves.
The CPT method3–8 has a number of advantages over the
traditional F-K basket heating method2. It is a cost-effective
procedure compared to the more traditional basket heating
method where steady-state Frank-Kamenetskii theory is
used.
More recently, the heat release (HR) approach has been
proposed and developed by Jones et al.9–14. They applied
the same equation as (2) but with Tcpt replaced by the oven
temperature Toven. The laboratory procedure is similar
between the CPT method and the HR method. However, the
fundamental difference is that, in the HR method, the
conduction effect at the centre of the (symmetrical) material
tested is assumed to be negligible when its temperature
reaches the oven temperature Toven. In other words, the
reference temperature is set ‘external’ to the reacting
system, rather than using the temperature of the reactant
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itself. The work carried out on coal by Nugrono et al. at
Leeds University22 has shown that the CPT method devised
by Chen et al.3–8 gave basically the same results as those
given by Frank-Kamenetskii’s approach. Nugrono et al.22
indicated that it is dif cult to check whether the HR method
is valid under the circumstances tested as it ignores
the fundamental aspect of the cross-over behaviour18,19.
The aim of this paper is to demonstrate quantitatively the
extent of the departure of the temperature at the centre of the
reactant (Tcpt) from the set oven temperature (Toven) when
the conduction at the centre becomes zero. The shift of the
kinetics plot in the HR method away from the CPT method
is demonstrated. It is argued that this important difference
between the two approaches should be recognized in practice
when one intends to measure the unknown reactant behaviour
or to use the kinetics as measured by the two methods.
THE DEPARTURE OF CPT FROM SET OVEN
TEMPERATURE
In the following examples it is shown that, in some
circumstances, the HR method and the CPT method can
yield similar kinetic parameters. In other cases, the HR
method yields very different results.
Wood Particles
The author and the co-workers developed the CPT
method for measuring exothermic reactivity of packed
solid particles. Wood shavings (or sawdust) were tested3–5.
Now, from these experiments, the CPTs have been derived
and plotted against the corresponding oven temperatures (at
which the CPT experiments were carried out). The tendency
of the departure of the CPTs from the corresponding oven
temperatures can be seen in Figures 1 and 2. Both the
untreated and treated wood shavings ( pinus radiata origin)
are considered. These samples were tested in a 5 cm cubic
stainless steel mesh basket. The Biot number was 15 or
larger. The extent of such departure (in absolute terms) was
not large in the two samples tested (a maximum of about
10°C at the highest oven temperature used, i.e. ~ 215°C).
However, the strong tendency of such a departure is evident.
If the HR method were applied at low temperatures < 190°C
for the same sample size, it would perhaps generate similar
kinetic parameters as that of the CPT method.
Cuzzillo21 examined the behaviour of cooked and
uncooked wood particles, using the CPT method. The
cooked samples were tested most extensively with a large
temperature range and a large number of data points. In this
case, a cubic basket size of 5 cm was used. The oven had a
small amount of air agitation, thus the Biot number was
relatively small. Only the results on the cooked samples are
plotted (see Figure 3). In this case, there is a clear
indication that as the oven temperature increases, the
departure of CPT from the oven temperature becomes
greater.
Milk Powders
The author’s group also examined extensively the
behaviour of milk powders (skim, whole milk powders,
mixture dried milks, etc)3,5,6,7,23. These products contain
various types of proteins, lactose, fat and minerals. The
results on the fresh skim and whole milk powders are plotted
(see Figures 4 and 5). These were tested in cubic baskets of
size 5 cm. An aged skim milk powder (having been exposed
to hot air at 120°C for 24 hours prior to the CPT equi-
cylinder basket testing; 5 cm in diameter and 5 cm in height)
had also been tested and its CPTs are plotted against the
corresponding oven temperatures (see Figure 6). In all the
three examples given in this section, the departure of CPT
from oven temperature is also quite pronounced and it
increases as oven temperature increases. Some 30°C
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Figure 1. Departure of the CPTs (data points) of the untreated wood
sawdust from the oven temperatures (°C) (continuous line). (Cubic basket
size: 5 cm.)
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Figure 2. Departure of the CPTs (data points) of the chemically treated
wood sawdust from the oven temperatures (°C) (continuous line). (Cubic
basket size: 5 cm.)
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Figure 3. Departure of the CPTs (data points) of the cooked wood sawdust
from the oven temperatures (°C) (continuous line). (Cubic basket size:
5 cm.)
difference can be seen at the high end of the oven
temperature range tested. It appears that the size of the
basket may have an in uence upon the departure. It is
expected that a greater sample size would allow periphery
heating to proceed to a larger extent before the centre starts
to speed up its temperature rise.
Again, note that the HR method would yield similar
kinetic parameters for the case shown in Figure 4 where the
5 cm cubic basket was used for the milk powder. However,
one should also realise that the departure is dependent upon
the nature of the sample tested (i.e., different materials
would give different extents of departure). The obvious
question is when one can use the HR approach and
when one can not use the approach prior to testing a new
material.
REMARKS ON THE CPT METHOD AND THE HR
METHOD—THE DIFFERENCES AND
CONSEQUENCES
In the above section, it has been shown that the departure
of CPT from the set oven temperature can be signi cant.
The tendency of such departure is consistent in most cases
tested. This difference can be quite large depending upon
how high the oven temperature is set and the type of the
material examined. In this section, the departure of the
kinetic plot of the HR approach from the plot of the CPT
method, for the same sample tested, will be illustrated.
Two examples are given here—one for an untreated
wood sawdust (see Figure 1) and one for an aged skim milk
powder (see Figure 6). Both samples were examined at
Auckland University. The kinetic plots are shown in
Figures 7 and 8. The differences between the two methods
are fairly visible. Figure 8 in fact shows a signi cant shift
of the HR method from the CPT method leading to a much
greater intersect at 1/T = 0 and thus a much greater Qr/c.
If the speci c heat capacity is known, the following
equation can be used to calculate the sample’s heat
conductivity13,24:
k =
r20EQrA exp( 2 E/RTc,oven)
dcRT 2c,oven
(3)
where the subscript c denotes the critical ignition condition.
If one measures (dT/dt) at Tcpt or Toven, one can work out
Qr/c from the intersects (at 1/Tcpt = 0) of the kinetic plots
(like Figures 7 and 8). The k values obtained from the CPT
method and the HR method can be compared using the
following ratio (for the same sample), derived from
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Figure 4. Departure of the CPTs (data points) of a (fresh) whole milk
powder from the oven temperatures (°C) (continuous solid line). The
squares represent the 5 cm cubic basket testing results; the triangles
represent the 6 cm cubic basket testing results.
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Figure 5. Departure of the CPTs (data points) of a (fresh) skim milk powder
from the oven temperatures (°C) (continuous solid line). The squares
represent the 5 cm cubic basket testing results; the triangles represent the
6 cm cubic basket testing results.
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Figure 6. Departure of the CPTs (data points) of a skim milk powder (aged
at 120°C for 24 hours) from the oven temperatures (°C) (continuous solid
line) The data points are of the 5 cm equi-cylinder basket testing results
from the CPT method.
Linear regression for the CPT results
y = -10.081x + 17.39, r2 = 0.9626
Linear regression for the HR results
y = -10.827x + 19.328, r2  = 0.9283
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Figure 7. Kinetic plot of the untreated wood sawdust. (Cubic basket size:
5 cm.)
equation (4):
kcpt
khr
=
(QA)cpt
(QA)hr
Ecpt
Ehr
e 2 Ecpt /RTc,oven,cpt
T 2c,oven,cpt
T2c,oven,hr
e2 Ehr /RTc,oven,hr
(4)
where cpt denotes the crossing-point temperature method,
and hr denotes the heat release method. In general, Tc,cpt is
greater than or equal to the corresponding Tc,oven; thus the
kinetics plot for the CPT method would shift to the right for
the HR method (as shown in Figures 7 and 8). For the
untreated wood sawdust (Figure 1) the corresponding
critical oven temperature can be found to be about 197°C,
using the following formula2,24:
dc =
r20EQrA exp( 2 E/RTc,oven)
kRT2c,oven
(5)
through a graphical approach devised on Excel spreadsheet
software. This has been done by assuming that Bi of 15 or
higher (as used in the experiments) is suf ciently large to
warrant the use of the critical Frank-Kamenetskii parameter
dc to be 2.57. At critical condition, the estimated surface
temperature would be no more than 2°C different from the
oven temperature. The ‘critical’ value means that at an oven
temperature that is beyond this value, thermal ignition
would occur in the 5 cm size cubic basket. The relevant
properties used in this calculation are: speci c heat of 1.7 kJ
kg–1K–1, heat conductivity of 0.07 W m–1K–1, density of
222 kg m–3, QA/c of exp(17.39). According to Figure 1, the
critical crossing-point temperature can also be estimated by
linear interpolation and it has been found to be about 202°C.
Therefore, for the wood sawdust, submitting all the
necessary parameters in equation (6), it has been found that
the k value obtained from the HR method is about 1.3 times
the k value from the CPT method (i.e., 30% greater).
Similarly, it has been found that the relevant properties
for the skim milk powder are: speci c heat of 1.923 kJ kg–1
K–1, heat conductivity of 0.2 W m–1K–1 (this value is
somewhat higher than a value of about 0.11 W m –1K–1 or
less as reported by MacCarthy25 but somewhat lower than
that calculated using the formula established by Choi and
Okos26 which is about 0.33), density of 670 kg m–3, QA/Cp
of exp(15.23). The critical Frank-Kamenetskii parameter
dc is 2.764. The critical oven temperature for the 5 cm
equi-cylinder sample of skim milk powder can be found to
be approximately 172°C. The corresponding crossing-point
temperature at criticality is about 204°C. Again using
equation (5), the k value obtained from the HR method is
about 35% lower than the k value from the CPT method. A
much greater difference can be found should the two values
of heat conductivity mentioned above in the brackets be
taken in the calculations. The calculations here are for an
indicative purpose, in the sense that once one recognizes the
likely extent of the departure of CPT from the set oven
temperature, one should automatically recognize the
possible variations in the estimation of thermal conductiv-
ity, critical dimensions and others.
The fundamental reason for the departure is clearly
illustrated in the previous sections. It is because the reaction
starts  rst at regions away from the centre, which is an
inevitability given that the experimental system is starting
from a temperature usually much lower than the set oven
temperature18,19. This effect exists even when the oven
temperature is not much higher than the critical value. A
small temperature difference of, say, 0.5°C over a distance
of several mm around the centre of the reactant would
indicate the existence of a large conduction term. Jones
et al.9 have extended the oven temperature range by around
30°C above criticality, at which the discrepancy between the
centre temperature and the oven temperature could be quite
substantial. Although in reference 9, they did show
awareness of the possibility of more intensive self-heating
taking off towards the edge of the system, they appear to
have failed to appreciate the signi cance of it with regards
to their measurements.
In the work by Chen et al.3–8,23, the oven temperatures
can sometimes be set greater than criticality. There is,
however, no serious consequence of operating in super-
critical conditions when the centre temperature itself is used
as the reference temperature (as in the CPT method). It is
well known that the serious consequences of self-heating
with temperature distribution in the reacting system, can
occur if the system is treated as an isothermal system2.
CONCLUSIONS
This study shows that the crossing-point temperature
(CPT) can be considerably different from the set (constant)
oven temperature during a transient basket heating proce-
dure for measuring exothermic reactivity. At low tempera-
tures, the heat release (HR) method may yield similar results
as that of the CPT. However, how to judge whether the HR
method is valid or not before applying it to a new material, is
a genuine question here. For particulate materials in
particular, it is therefore suggested that it is better to use
the CPT method to eliminate the doubt of having to ignore
such an important fundamental aspect in the  rst place. At
least, in this study, it has been shown that non-discrimina-
tive application of the HR method may lead to erroneous
results in both the estimation of kinetic parameters, as well
as the calculations of the heat conductivity based upon such
kinetics.
NOMENCLATURE
A reaction frequency factor, s–1
Bi Biot number, dimensionless
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Linear regression for the HR results
y = -11.194x + 21.506, r
2
 = 0.9971
Linear regression for the CPT results
y = -8.594x + 15.228, r
2
 = 0.9897
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Figure 8. Kinetic plot of the aged skim milk powder. (Equi-cylindrica l
basket size: 5 cm.)
Cp speci c heat of solid, Jkg
–1K–1
E activation energy, Jmol 2 1
k heat conductivity, Wm–1K–1
Q heat of reaction, Jkg–1
q rate of heat release, Wm–3
ro half-width or side or radius, m
R universal gas constant, 8.314 Jmol–1K–1
t time, s
T temperature, K
x distance from symmetry, m
Greek symbols
r density, kgm –3
d Frank-Kamenetskii parameter (dimensionless )
Subscripts and superscripts
a ambient
c critical
cpt crossing-point temperature (method)
hr heat release method
oven oven
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